INTRODUCTION
The evolution of microbial pathogens from mutualistic and free-living bacteria has been a targeted area of interest for determining the roles of virulence and specificity among closely related species. Previous studies have used either biochemical or molecular data to elucidate relationships among selected groups of taxa, but none have clarified the transition between free-living and symbiotic species (Bang et al., 1981; Baumann et al., 1983; Nearhos & Fuerst, 1987) . The methods by which pathogens evolve among various clades of micro-organisms and whether particular virulence factors are transferred and then regulated within and between species are common themes that underlie the evolution of pathogenesis. The Vibrionaceae are a group of highly divergent bacteria, which contains both free-living and symbiotic species (Nishiguchi & Jones, 2003) . Members of this family are globally important due to their prevalence in numerous ecological niches. Many species of the Vibrionaceae possess the ability to bioluminesce via the lux operon, although its biological role in bacterial cells remains unknown (Czyż et al., 2000) . Many of these luminescent species form symbiotic relationships, both pathogenic and cooperative, with marine organisms. They are found increasingly to be the cause of diseases in many secondary hosts, which consume primary marine hosts that contain concentrated numbers of vibrios (Ruby & Lee, 1998) . Recently, it has been determined that specific virulence factors in pathogenic Vibrio species are exhibited in the colonization of eukaryotic tissue by non-pathogenic Vibrio fischeri (Reich & Schoolnik, 1994 , 1996 Reich et al., 1997; Ruby, 1999b; Stabb & Ruby, 2003) and may even be required for colonization (Nyholm et al., 2000; Stabb et al., 2001) . To colonize an animal host, both pathogenic and mutualistic bacteria must conquer defence mechanisms of the host that discourage the growth of unacceptable micro-organisms. These defences may include environmental conditions within the host, active immune responses and general host defence (Koropatnick et al., 2001; Stewart et al., 2001) . As a result, there is a growing number of similarities between the tissue colonization of benign species, such as V. fischeri, and that of pathogenic vibrios, such as Vibrio cholerae and Vibrio parahaemolyticus (Makino et al., 2003) . Due to these similarities, it has been suggested that many of the characteristics of host-tissue colonization in pathogenic and benign species may have arisen from a common ancestral origin (McFall-Ngai, 1999; Ruby, 1999a) .
In this study, we have attempted to complete a phylogenetic survey of the Vibrionaceae by using DNA sequence data from three molecular loci [16S rRNA, the intergenic region of the lux operon (luxRI) and glyceraldehyde phosphate dehydrogenase (gapA)] and 100 non-sequence characters (biochemical and restriction digest patterns), in order to determine which evolutionary patterns are prevalent and influential for radiation among this species-rich family of c-Proteobacteria. Total sequence data comprise approximately 3?6 kb per complete strain. These loci were selected due to their ability to resolve some of the internal clades within the Vibrionaceae (gapA and luxRI), as well as to distinguish among distantly related clades (16S rRNA). This combination of molecular loci should delineate phylogenetic history at various hierarchical levels; thus, the resolution of the analyses should distinguish among the span of species (by using 16S rRNA) and strains (by using gapA and luxRI). With the knowledge that colonization of host species is a particularly important aspect of the lifehistory strategy of some species of the Vibrionaceae, we combined the molecular and morphological attributes of 75 representative biotypes to determine whether there was an ancestral split among different symbiotic biotypes of Vibrionaceae, leading to several species that have evolved the ability to associate with a specific eukaryotic host.
METHODS
Isolation of bacteria. Bacterial isolates were obtained from squid or fish light organs by previously described methods (Nishiguchi et al., 1998; Nishiguchi, 2000 Nishiguchi, , 2002 . Briefly, bacterial strains were isolated from loliginid, sepiolid or monocentrid light organs, or were obtained from various laboratories (Table 1) . Light organs were dissected out of the eukaryotic host and homogenized in sterile sea water, then subsequently diluted and plated on Luria-Bertani high-salt (LBS) [32 parts per thousand (p.p.t.)] agar plates (Ruby & Asato, 1993) . Colonies were isolated the next day and grown in 5 ml LBS medium overnight at their optimum temperature (18-28 uC) and frozen as stocks until they were utilized. Squid and fish symbionts were identified according to previously described methods (Nishiguchi et al., 1998; Nishiguchi, 2000) .
Biochemical analyses of isolates, utilization of carbon type and RFLP scoring. Bacterial strains from frozen or fresh stock were cultured on LBS agar plates overnight at their optimum temperatures (18-28 uC). Single c.f.u. of each strain were obtained the following day and liquid cultures were grown to an OD 600 of 0?5 in 10 ml LBS medium. The culture was then centrifuged in 50 ml Sorvall tubes at 5000 r.p.m. for 10 min in a refrigerated centrifuge (5 uC). The pellet was resuspended gently in 5 ml PBS (pH 7?3) and centrifuged at 5000 r.p.m. for 10 min. This step was repeated to ascertain complete removal of LBS medium. The pellet was then resuspended in 10 ml PBS (pH 7?3). A 100 ml aliquot of this suspension was added to each of the 96 wells of a GN2 Biolog plate and incubated overnight at their optimum temperature (18-28 uC). Plates were scored colorimetrically for the carbon source present in each well (see Supplementary Table in IJSEM Online). Each Biolog plate was completed in duplicate to ensure reproducibility of the results. Biochemical phenotypes were recorded in a data matrix by using MacClade 4.05 (Maddison & Maddison, 2002) , with a score of 0 for no utilization and 1 for utilization of each substrate in the Biolog plate. In total, 95 carbon sources were measured (see Supplementary Table in IJSEM Online). Here we treated each phenotypic feature, as measured by the Biolog plate, as our primary homology statement sensu de Pinna (1991). It is phylogenetic analysis that decides ultimately whether the primary homology statement survives the homology test (secondary homology). For RFLPs, we scored the number of fragments per restriction digest from previously reported data (Urakawa et al., 1999) . The fragments comprised the last five of the 100 characters used in the biochemical/ RFLP data matrix. These characters were scored by the number of fragments produced by each restriction enzyme (i.e. if an enzyme produced four fragments from one strain, the score in the matrix for that RFLP would be 4).
Isolation, amplification and sequencing of bacterial loci.
Isolation of DNA was completed by initially growing pure cultures of each strain in 5 ml LBS broth overnight. A sample of each culture (2 ml) was centrifuged for 1 min and the medium was removed. DNA from each culture was then isolated by using a DNeasy isolation kit (Qiagen). Once purified DNA was obtained, 1-10 ng template DNA was used for PCR amplifications. For the 16S rRNA locus, four sets of primers (each amplifying approximately 420 bp) were used to complete the entire 16S rRNA gene sequence (~1600 bp). These consisted of: 1F (59-AGAGTTTGATCMTG-GCTCAG-39) and 4R (59-AGGCCTTCTTCATACACGCG-39); 2F (59-GCAAGCCTGATGCAGCCATG-39) and 3R (59-ATCGTTTA-CGGCGTGGACTA-39); 3F (59-AAACAGGATTAGATACCCTG-39) and 2R (59-CTGGTCGTAAGGGCCATGAT-39); and 4F (59-AGG-TGGGGATGACGTCAAGT-39) and 1R (59-AAGGAGGTGWTCC-ARCC-39). 16S rRNA gene amplification consisted of one cycle at 94 uC for 2 min, followed by 25 cycles of the following: 94 uC for 15 s, 49 uC for 15 s and 72 uC for 15 s. Reactions were terminated by holding samples at 72 uC for 7 min. For the luxRI locus, primers used to amplify the fragment were LuxRIF (59-CAGCGGTTAGT-TGTATTGAG-39) and LuxRIR (59-AGCAAAACGRCTTAATTC-39), which amplified a gene product of approximately 1200 bp. luxRI amplification consisted of one cycle at 94 uC for 2 min, followed by 25 cycles of the following: 94 uC for 15 s, annealing for 15 s at temperatures from 42 to 49 uC and extension at 72 uC for 30 s. The reaction was terminated by holding samples at 72 uC for 7 min after amplification was completed. For the gapA locus, primers were gapAF (59-GGATTTGGCCGCATCGGCCG-39) and gapAR (59-CCGAACTCGTTGTCGTACCA-39), which amplified a gene product of~900 bp. Samples were amplified by using the following procedure: one cycle at 94 uC for 2 min, followed by 25 cycles of 94 uC for 15 s, 36-38 uC for 30-40 s and 72 uC for 30 s. The reactions were terminated by holding samples at 72 uC for 7 min. Two internal primers were used for each of the luxRI and gapA loci, to obtain complete double-stranded sequences. These were: gapAFInt (59-CCTGAATTGCTYGGWSAACA-39) and gapARInt (59-CACCG-AGATGCGTTAACAATG-39); and LuxRIFInt (59-GAATGAGGAG-ACTACCTTAC-39) and LuxRIRInt (59-GCCGTAAATACAGAAAG-TTTG-39). All PCRs had similar concentrations of magnesium (2?5 mM), dNTPs (200 mM each; Promega), primers (0?2 mM of each forward and reverse primer), 16 reaction buffer (10 mM Tris/ HCl, pH 9?0, 50 mM KCl, 0?1 % Triton X-100) and 0?2 U Taq polymerase (Promega) or AmpliTaq (Applied Biosystems). Once all PCR templates were amplified, reactions were cleaned with a GENECLEAN II DNA purification kit (BIO 101). All samples were pre-sequenced by using Applied Biosystems BigDye (version 3.1) and excess fluorescently labelled dNTPs were removed by spin column or plate (Edge Biosystems). Samples were sequenced on an Applied Biosystems 3100 automated capillary sequencer. Doublestranded sequences were combined and checked for chromatograph errors by using the program Sequencher (version 4.0; Gene Codes). All luxRI and gapA sequences and approximately 80 % of the 16S rRNA loci were sequenced in our laboratory. 16S rRNA gene sequences were also used to confirm the identity of light organ isolates by comparing the full sequence to those in the Ribosomal Database Project (http://rdp.cme.msu.edu/html).
Phylogenetic analysis. Sequence data were analysed by using the direct optimization method described by Wheeler (1996) and implemented in the computer program POY . This method directly assesses the number of DNA sequence transformations (evolutionary events) required by a phylogenetic topology, without the use of multiple sequence alignment. This is accomplished by generalization of existing character optimization procedures, including insertion and deletion events (indels) in addition to base substitutions. The crux of the method is the treatment of indels as processes, as opposed to the patterns implied by multiple sequence alignment (Wheeler, 1998) . The results of this procedure are directly compatible with parsimony-based tree lengths and the method appears to generate more efficient (and therefore simpler) explanations of sequence variation than multiple sequence alignment (Wheeler, 1996) . Direct optimization, although computationally intense, is much less demanding than parsimony-based multiple sequence alignment algorithms. The method has also been demonstrated to yield more congruent results than multiple sequence alignments when congruence among partitions is used as a criterion (Wheeler & Hayashi, 1998) .
Character transformations were weighted differentially to observe how they affect phylogenetic conclusions [sensitivity analysis sensu Wheeler (1995) ]. A parameter space of two analytical variables was examined: insertion-deletion cost ratio and transversion-transition cost ratio. When the transversion-transition ratio was set at a value other than unity, the insertion-deletion cost was set according to the cost of transversions. In total, 20 combinations of parameters were employed in the analysis [insertion-deletion ratios of 1, 2, 4 and 8; transversion-transition ratios of 1, 2, 4, 8 and infinite (transversion parsimony)]. This method allows discernment between stable (those supported by analysis using a wide range of parameters) and unstable (those that only appear under particular parameter sets) relationships.
Molecular data analysis. The three molecular partitions were analysed independently and combined directly, with all characters weighted equally without regard to source. These datasets are referred as 16S (16S rRNA dataset alone), gapA (gapA dataset alone), luxRI (luxRI dataset alone) and molecular (16S+gapA+ luxRI). The tree-search strategy adopted combined SPR (subtree pruning and regrafting) and TBR (tree bisection and reconnection) branch-swapping on the best of 50 random-addition replicates (-random, 50), holding 100 trees per round (-maxtrees, 100) and performing one round of tree-fusing (Goloboff, 1999) . The commands '-slop 5' and '-checkslop 10' were used; these commands are intended to check all cladogram lengths that are within n-tenths of a percentage of the current minimum value. A slop value of 10 would check all cladograms found within 1 % of the minimum tree length. This option slows down the search, but is less affected by the heuristics of the tree-length calculation shortcuts. The 'implied alignments' obtained with POY were checked with PAUP* 4b (Swofford, 2002) and identical tree lengths were obtained. These implied alignments were used to compute jackknife values by performing 1000 randomaddition replicates.
Biochemical and restriction digest data analysis. Parsimony analysis of the biochemical/restriction digest dataset was performed with POY. The tree-search strategy adopted involved a heuristic algorithm with random-addition sequence and TBR branch-swapping, similar to the methods described for the molecular data analysis .
Combined analysis. Morphological and total molecular data were combined directly and analysed by using direct optimization for the same 20 parameter sets that were applied to each one of the individual molecular partitions and to the combined molecular analysis. Morphological transformations were weighted equally to the highest of the molecular costs (indels), to diminish the potentially overwhelming effect of molecular data versus morphology. Bremer support values were estimated by using the heuristics procedure implemented in POY (-bremer -constrain 'filename' -topology 'treetopology-in-parenthetical-notation'). In total, we analysed seven partitions and 20 parameter sets per partition (140 analyses) that were executed in a 866 MHz Pentium III processor (RDRAM, 256 Mb). 
RESULTS AND DISCUSSION
The use of several loci, combined with biochemical and RFLP attributes among Vibrio taxa, is a step forward in understanding the relationships among members of the group. Alternatives to the use of all available evidence must explicitly exclude sets of the data (Kluge, 1989; Giribet et al., 2001) . Once any set of characters has been excluded, a bias towards those characters included in the analysis will be evident. Combining all the evidence available allows a phylogenetic framework to be formulated with the maximum explanatory power to produce the least biased result. In this respect, our analysis constitutes the first totalevidence analysis to study bacterial relationships, a common practice in systematic zoology and botany (Giribet, 2002; Giribet & Wheeler, 2002) .
Phylogenetic analysis using a combined approach that searches for the most parsimonious solution for character variation appears to be a new method that can be applied not only to metazoan phylogenies, but also to prokaryotic systematics. Molecular data were analysed by using the direct optimization procedure, which derives cladogram costs without multiple sequence alignment. This methodology accommodates sequence length variation as transformations that involve the addition, deletion and substitution of nucleotides, as opposed to the addition of unobservable 'gaps'. Direct optimization produces more parsimonious and more congruent results than multiple sequence alignment in a shorter amount of time (Giribet et al., 2001) . POY minimizes the weighted number of evolutionary changes over the entire tree, working in a onestep fashion as opposed to the more classical two-step analyses (alignment and tree search). Nodal support was evaluated by the jackknifing method with a deletion ratio of e 21 (about 0?36), in which every character has the same chance of being omitted from a given pseudoreplicate (Farris, 1970) . Therefore, the single phylogeny reported here represents the most parsimonious tree with the least amount of bias.
The cladogram from the combined evidence of biochemical characters and molecular data, which minimizes overall incongruence among data partitions (utilizing character congruence as a meta-optimality criterion) (Wheeler, 1995) , demonstrates the non-monophyly of the Vibrionaceae (Fig. 1) . Several clades contain symbiotic vibrios, irrespective of the type of host (i.e. mollusc, annelid, crustacean or fish) or geographical area where they were found (Table 1 ). This provides evidence that symbiosis has arisen multiple times within the family Vibrionaceae, although support for several nodes is below the commonly used 50 % threshold. Also, some free-living species (V. fischeri ATCC 7744
T and Photobacterium leiognathi) that were included in the analyses were not monophyletic, whereas V. fischeri clade A, which includes both free-living and symbiotic isolates, is supported by the analyses (95 % jackknife support). Two other symbiotic strains isolated from sepiolid squids (EH201 and EH701) did not group with the clades that contained the remainder of squid host strains (clades A, B and C; Fig. 1 ). It is important to note that not all squid symbionts in these clades are from the same geographical location (Indo-west Pacific); in fact, several sister groups are constituted by symbiotic isolates from different host squids (Table 1) . Whether V. fischeri ATCC 7744
T is an Fig. 1 . Phylogenetic tree of Vibrionaceae lineages, based on the DNA sequences of three loci and 100 biochemical characters for the parameter set that minimizes overall incongruence among the four partitions. The single tree was obtained when all insertions and deletions equalled all other genetic changes (transitions/transversions). Jackknife values >50 % are shown at nodes. X, Taxa that have symbiotic relationships with molluscan hosts; %, fish pathogens; $, taxa that are human pathogens in the environment. All light organ symbionts (fish or squid) are shown in bold.
ancestral Vibrio biotype that has remained separate from other V. fischeri environmental isolates because it is in culture remains to be determined. Future investigations should include not only strain types that have been used in previous studies (i.e. V. fischeri ATCC 7744 T ), but also those that have recently been isolated from environmental samples, which may represent the current population of vibrios that are more likely to share a common or closely related ancestral lineage.
Vibrio logei isolates (both free-living and symbiotic) used in the analyses were found to be polyphyletic, with one clade (B) clustering with the V. fischeri clade of symbiotic strains (clade A). Clade B contains several isolates of V. logei (both symbiotic and free-living) and Vibrio salmonicida (a salmon pathogen), whereas a third, smaller Vibrio lentus clade is sister to Vibrio splendidus (69 % jackknife support). The finding of a well-supported clade (82 % jackknife frequency) that contains V. logei strains ATCC 35077, AHL Vs15 and SR181 and Vibrio salmonicida suggests that V. salmonicida might have evolved from a free-living V. logei congener (Wiik et al., 1995) . Embedded within the large clade that contains V. logei and V. fischeri are several strains of Photobacterium leiognathi, Photobacterium phosphoreum and Photobacterium damselae (clade C; Fig. 1 ), which supports previous data that suggested that Photobacterium and Vibrio may be monophyletic (MacDonell & Colwell, 1985; Ruimy et al., 1994) . Nesting of Photobacterium within the genus Vibrio implies that our phylogeny supports this hypothesis, but it also includes other taxa besides these two genera. More data are needed on the inclusion of other hypothesized sister taxa, which may help to further define this group of luminous bacteria.
Although much of the species relatedness differs from that reported in previous phylogenetic studies (Bryant et al., 1986; Dorsch et al., 1992; Kita-Tsukamoto et al., 1993; Alsina & Blanch, 1994; Martin-Kearley & Gow, 1994; Urakawa et al., 1997 Urakawa et al., , 1999 , several robust clades are apparent in our phylogeny that have been supported by other studies. Salinivibrio costicola, P. damselae and P. leiognathi have previously been proposed to be sister to one another (Kita-Tsukamoto et al., 1993; Alsina & Blanch, 1994; Ruimy et al., 1994) ; our results support this hypothesis, but also include other Vibrio species that do not cluster with S. costicola (Fig. 1) . Another relationship supported by our phylogeny is that of human pathogens Vibrio fluvialis, Vibrio furnissii, Vibrio cincinnatiensis, Vibrio metschnikovii, V. cholerae and Vibrio mimicus, which are known to cause enteric distress (Daniels & Shafaie, 2000) . Sister group relationships among these pathogenic species have high support values (V. fluvialis/V. furnissii, 94%; Vibrio anguillarum/Vibrio ordalii, 100 %; V. cholerae/V. mimicus, 91 %) and are most likely to have arisen from a virulent strain. Again, strict monophyly among pathogenic strains is not supported in this clade. Other symbiotic species, such as the V. fischeri-V. logei-V. salmonicida clade, are also supported in our analyses, as in studies that used 5S rRNA (Ruimy et al., 1994) and partial 16S rRNA (KitaTsukamoto et al., 1993) gene sequences. Finally, the alliance between V. cholerae and V. mimicus was well-supported (91 % jackknife frequency), which was also shown by using 16S rRNA (Kita-Tsukamoto et al., 1993) and non-sequence characters (Davis et al., 1981) . From this study and others, V. mimicus is classified as an atypical strain of V. cholerae and probably contains a reduced genome component from its ancestral parent. This was apparent as the 16S rRNA gene sequence was substantially smaller than those of all other vibrios sequenced in this study.
Of importance to this study are the multiple origins of pathogenic/symbiotic strains of Vibrio and related genera. As the association between vibrios and invertebrates existed before pathogenic Vibrio-human interactions, it appears that tissue-colonization mechanisms were first utilized by mutualists and were then enlisted for use in pathogenic associations (Ruby, 1999a; Schjørring & Koella, 2003) . Unfortunately, very little is known about communication, regulation or co-evolution among interactive species (Nishiguchi, 2001) . It is relatively unknown how hostmutualist relationships are disrupted and/or capitalized by pathogenic bacteria (Ruby, 1999b) . Evolutionary transitions between mutualism and pathogenicity would produce a mosaic of types of interactions within the tree, resulting in close relationships between the two (Moran & Wernegreen, 2000) , as suggested by our data. Our phylogenetic tree of Vibrio species is the first to combine molecular and biochemical information for this important group of bacteria and provides new insight on the evolution of both types of association. Future work should include a search for virulence/pathogenicity islands in symbiotic organisms within the genus Vibrio, which may help us to further our knowledge of the evolution of pathogenesis. If heterozygous islands are found in nonpathogenic species of Vibrio, they can then be compared to those within the genomes of pathogenic Vibrio species (Makino et al., 2003) . Similarities or differences between the two would lead to further insight in the development of pathogenicity in benign organisms.
